Relaxation of heart cells occurs with removal of Langendorff-type perfusion apparatus! 3 '. Hearts calcium from the myofibrils as intracellular free were freeze clamped with Wollenberger clamps at Ca+ + is lowered by pump sites of the sarcoplasmic the temperature of liquid N 2 either in situ in open reticuIuml'L Functional relations between intracel-chest preparations previously described! 4 ) or in the lular free Ca ++ , myofibrillar bound calcium and perfusion systems. The hearts were pulverized and force are, therefore, potential determinants of then homogenized in 8 M urea, 100 mM Tris-HCl, relaxation properties of the heart. The hypothesis pH 80, 1 mM CaCI 2 , 15 mM /?-mercaptoethanol. guiding our work is that these relations are, in fact, Troponin I (Tnl) was isolated from the urea variables manipulated by cellular regulatory de-homogenate by affinity ' chromatography on vices to adjust relaxation of the heart to hemo-Sepharose-troponin C columns as previously dynamic demands. We present here evidence that described! 3 ]. covalent modification of cardiac myofibrils by Covalent phosphate and nitrogen content of protein phosphorylation may be one such device, trichloracetic acid washed Troponin I and myowhile non-covalent modifications by interactions fibrils was determined by wet washing in 10 N of vanadate with myofibrils may be another. sulphuric acid! 3 ). Nitrogen was determined on an aliquot of the hydrolysate as previously described! 3 ) ,, ., , and phosphate was determined by the malachite green method of Itaya and Micko! 5 L This method of Rabbit hearts were perfused in either the working phosphate determination is about 30 times as heart system described by Neely et alW or in a sensitive as our previously reported method! 3 !.
concentration. The clearest picture for such an alteration is emerging from studies of phosphorylation of troponin I. Troponin I is phosphorylated in situ as a specific response to p-adrenergic stimulation and in vitro phosphorylation of cardiac myofibrils results in a rightward shift of the free CA**-myofibrillar activation relation. The mechanism for this effect appears to be an alteration of calcium binding properties of myofibrillar TnC induced by phosphorylation of Tnl. This effect may be responsible, in part, for the relaxant effect of catecholamines. P-light chains of myosin are partially phosphorylated in beating hearts but there is as yet no clear indication that the covalent phosphate content of myosin changes with the physiological state of the heart. Vanadate, a transition state analogue of phosphate, present in most tissues including heart, may modulate relaxation of the heart by a non-covalent interaction with myosin. We found that vanadate ion inhibits isometric tension and immediate stiffness of chemically skinned heart muscle fibers with a Ki of 50 HM. Vanadate did not affect myofibrillar calcium binding or the Ca dependence of normalized isometric force development by the heart fibers. Vanadate also depressed shortening velocity of the chemically skinned fibers contracting with zero external load. Our data therefore indicate that vanadate may not only alter the affinity of cardiac myosin for actin but also the rate ofcross-bridge turnover.
Relaxation of heart cells occurs with removal of Langendorff-type perfusion apparatus! 3 '. Hearts calcium from the myofibrils as intracellular free were freeze clamped with Wollenberger clamps at Ca+ + is lowered by pump sites of the sarcoplasmic the temperature of liquid N 2 either in situ in open reticuIuml'L Functional relations between intracel-chest preparations previously described! 4 ) or in the lular free Ca ++ , myofibrillar bound calcium and perfusion systems. The hearts were pulverized and force are, therefore, potential determinants of then homogenized in 8 M urea, 100 mM Tris-HCl, relaxation properties of the heart. The hypothesis pH 80, 1 mM CaCI 2 , 15 mM /?-mercaptoethanol. guiding our work is that these relations are, in fact, Troponin I (Tnl) was isolated from the urea variables manipulated by cellular regulatory de-homogenate by affinity ' chromatography on vices to adjust relaxation of the heart to hemo-Sepharose-troponin C columns as previously dynamic demands. We present here evidence that described! 3 ]. covalent modification of cardiac myofibrils by Covalent phosphate and nitrogen content of protein phosphorylation may be one such device, trichloracetic acid washed Troponin I and myowhile non-covalent modifications by interactions fibrils was determined by wet washing in 10 N of vanadate with myofibrils may be another. sulphuric acid! 3 ). Nitrogen was determined on an aliquot of the hydrolysate as previously described! 3 ) ,, ., , and phosphate was determined by the malachite green method of Itaya and Micko! 5 L This method of Rabbit hearts were perfused in either the working phosphate determination is about 30 times as heart system described by Neely et alW or in a sensitive as our previously reported method! Chemically skinned heart muscle fibers were prepared from the trabecula septomarginalis of fresh pig hearts as previously described! 6 !. The bundles were incubated with shaking at 4 'C for 2 days in 50% v/v glycerol, 0-5% Lubrol WX, 10 m.vi NaN, and 20 HIM histidine, pH 7 -3. The preparations were then transferred to the glycerol solution without Lubrol and at pH 7'0 and stored at -18 'C for no longer than 5 days. The fiber bundles (0-2 x 5 mm) were glued in the mechanical apparatus between an AME AE 801 force transducer (natural frequency 15 kHz) and a Ling Dynamics 101 vibrator driven by a velocity dependent servoamplifier. For measurements of unloaded shortening velocity, releases were performed within 5 ms to lengths below slack. Shortening velocity was estimated from a plot of the time interval between the onset of release to the onset of tension redevelopment and the amount of shorteningl'l. After mounting the fibers, the glycerol was washed out in a relaxing solution: 10 mM ATP, 10 mM MgCl 2 , 5 mM EGTA, 20 mM histidine; 5 mM NaN,, 10 mM NaCl, 10 mM creatine phosphate, 25 U/ml creatine phosphokinase, pH 7 -0, 25 "C. 
Results and discussion

MYOFIBRILLAR PHOSPHORYLATION AND CARDIAC
RELAXATION
Troponin I phosphorylation
Troponin I (Tnl), an inhibitory unit of the contracto-regulatory protein complex contains about 1 mol/mol of covalent phosphate when isolated from rabbit hearts beating under 'basal conditions'. Data summarized in Table 1 show that this is true whether the hearts were beating in situ, in a LangendorfFperfusion system or in a working heart preparation. This phosphate may be structural or involved in phosphoryl group transfer reactions not yet known. In the beating heart, this site appears to be inaccessible to kinase or phosphatases activated by /?-adrenergic stimulation, since Solaro et alPi found no evidence for labeling of this site upon perfusion of hearts with "Pi. Table 1 also shows that when perfused beating hearts are stimulated with the /?-adrenergic agonist, isoproterenol, an additional mole of phosphate is maximally incorporated into Tnl. It has also been shown that about 1 mol of P is incorporated into rat cardiac Tnl with /?-adrenergic stimulation but basal levels of Tnl phosphate were near zero!"!. The site of this phosphorylation is near the N-terminus of the Tnl molecule on a stretch of amino acid residues unique to cardiac Tnl and not present in Tnl isolated from red or white skeletal muscle!' 2 ). Moreover, there is no evidence that the phosphate content of in situ skeletal muscle Tnl changes with physiological state. This correlation between molecular anatomy and physiological evidence strongly suggests that covalent modification of Tnl may be of special significance to the heart. -"! that Tnl phosphorylation may be part of the mechanism responsible for the relaxant effect of catecholamines. This idea, which is schematized in Fig. 1 , is that tension is turned off faster with the rightward shfft of the pCa-tension relation induced by Tnl phosphorylation, as sarcoplasmic Ca ++ and myofibrillar bound calcium are returned to sequestered pools. It should be noted that the sarcoplasmic reticulum may also be phosphorylated and respond with an increased Ca transport during /?-adrenergic stimulation! 1 • 2| 1. In Table 2 we show estimates of the alteration in calcium requirements for activation of isometric tension which result from Tnl phosphorylation. In doing this calculation we make the reasonable assumption that phosphorylation of myofibrillar Tnl is responsible for the rightward shift of the free Ca ++ -tension relation first reported by Winegrad! 16 ! and confirmed by Herzig and Ruegg!"!. The data in Table 2 show how the task of the SR as the source and sink for activating calcium ions is altered by Tnl phosphorylation which changes in the relation between bound calcium and activation of isometric tension. It is of interest that the calcium requirements for myofibrillar activation were altered the greatest in the mid-range of activation. The mechanism outlined in Fig. 1 is, of course, speculative but predicts that relaxation of the heart should occur at a constant intracellular free Ca ++ concentration. This hypothesis can be tested by recently developed techniques for measurement of intracellular free Ca ++ in heart cells. 
Myosin P-light chain phosphorylation
Although it was first reported that phosphorylation of the P-light chains of myosin isolated from perfused rabbit hearts decreased with /?-adrenergic stimulation! 22 !, subsequent studies! 4 ' "1 indicated that the decrease in phosphorylation may be due to a contaminant in the preparation. P-light chain phosphate does, however, exchange with the labeled phosphate pool of hearts perfused with 
RELAXATION OF CARDIAC MYOFIBRILS BY VANADATE
ION
Vanadate is an interesting compound because it may not only be an endogenous regulator of cardiac function, but also a useful tool in the study of reaction mechanisms of the myosin ATPase. Vanadium compounds are now known to be normal constituents of most tissues including heart and skeletal muscle and Hackbarth et a/.! 29 ! have shown clear evidence that vanadate ion (Vi) is a positive inotropic agent when administered to cat papillary muscle in concentrations between 50 and 500 UM. This result was extended by Grupp et a/.! 30 ! who showed that while Vi increased ventricular function in hearts from cat, rabbit, rat and guinea pig, it depressed isometric force development by guinea pig and cat atrial strips. The mechanism of action of Vi as a cardiac inotropic agent is not yet clear and appears to involve multiple sites of action. Since Vi is a potent inhibitor of purified Na, K. ATPase! 31 ! it seemed probable that the positive inotropic effects were due to a 'digitalis like' action. This theory does not seem tenable since under some conditions the positive inotropic effect is associated with a stimulation of Na, K ATPaset Figure 2 Effect of vanadate ion on isometric tension development by chemically skinned heart muscle fibers. See Methods section for incubation conditions. pCa is the negative log of the ionic calcium concentration. Arrows indicate solution change.
500 Figure 3 The dependence of the inhibition of isometric tension development of chemically skinned heart fibers on vanadate concentration. Measurements between 0 and 500 UM Vi were made in free Ca ++ concentrations of 10 UM (O), 1 -9 UM (A) and 08 UM (•). other cellular activities in the heart such as adenylyl cyclase activity! 30 !. The contracto-regulatory protein complex may also be affected by Vi. Goodnot") reported that Vi forms a stable complex with skeletal myosin resulting in irreversible inhibition of the myosin ATPase. Fig. 2 shows the effect of increasing Vi concentrations on isometric tension development by chemically skinned heart muscle fibers. The effect of Vi on tension was somewhat different than that reported by Goodnol 33 ! since, as shown in Fig.  2 , the inhibition is readily reversible. Figure 3 shows the dependence of the inhibition of isometric tension on Vi concentration. Concentrations of Vi as low as 5UM significantly depressed isometric force development and the half-maximal inhibiting concentration of Vi was 50 UM. Data in Fig. 3 also show that this Ki was independent of the free Ca ++ in which the measurements were made. Figure 4 shows the effect of Vi on the free Ca ++ dependence of immediate stiffness-a measure of the average number of cross-bridges connected to the thin filament at the moment of stretch. Vi depressed stiffness over the entire range of free Ca ++ concentrations. If tension and stiffness as functions of free Ca ++ were normalized to the values at 10" 5 M free Ca ++ , the curves in the absence of Vi were shown to overlay each other (Fig. 5) . Figure 5 shows that this normalization in the presence of 100 mM Vi also overlayed exactly the relation in the absence of Vi. This indicates that Vi has no effect on the Ca ++ sensitivity of tension or stiffness. We (Holroyde, Howe, Goodno and Solaro, unpublished) Have found that concentrations of Vi as high as 1 IHM do not depress myofibrillar calcium binding.
We also tested the effect of Vi on the velocity of chemically skinned heart muscle fibers shortening with zero external load. Data shown in Fig. 6 indicate that unloaded shortening velocity is slower in the presence of 50 UM Vi, but no slower than the velocity obtained when the free Ca ++ in the absence of Vi was reduced so that isometric tension was the same as that developed in 10~5 M Ca ++ plus 50 UM Vi. These effects of vanadate in micromolar concentrations of Vi are very similar to those of Pi in millimolar concentrations (Herzig, Peterson, Ruegg and Solaro, unpublished) , so that Vi may be an analogue of Pi in the myosin ATPase as originally proposed by Goodnol").
Our data suggest that the interaction of Vi with myofibrils is not the mechanism for the positive inotropic effects of Vi, but may be responsible for negative inotropic effects. We conclude that, during positive inotropic effects, Vi is either not entering the cell to any appreciable extent or that the increased contractility is the net effect of the positive and negative influence of Vi on myofibrillar activation.
